ABSTRACT: We characterize two 40 kBq sources of electrodeposited 228 Th for use in lowbackground experiments. The sources efficiently emanate 220 Rn, a noble gas that can diffuse in a detector volume. 220 Rn and its daughter isotopes produce α-, β -, and γ-radiation, which may used to calibrate a variety of detector responses and features, before decaying completely in only a few days. We perform various tests to place limits on the release of other long-lived isotopes. In particular, we find an emanation of < 0.008 atoms/min/kBq (90% CL) for 228 Th and (1.53 ± 0.04) atoms/min/kBq for 224 Ra. The sources lend themselves in particular to the calibration of detectors employing liquid noble elements such as argon and xenon. With the source mounted in a noble gas system, we demonstrate that filters are highly efficient in reducing the activity of these longer-lived isotopes further. We thus confirm the suitability of these sources even for use in next-generation experiments, such as XENON1T/XENONnT, LZ, and nEXO.
Introduction
Various low-background experiments are searching for rare events such as neutrinoless double-beta decay [1] or dark matter scatters [2] . Time projection chambers (TPCs) using liquid noble elements such as argon and xenon are at the forefront of these investigations [3, 4, 5, 6, 7, 8] . As these detectors become large, new challenges arise in accurately calibrating their response throughout the detection volume. For example, the XENON1T detector [9] is a TPC 1 m in diameter and in height, much larger than e.g. the 70 mm mean free path of the 1.3 MeV γ from 60 Co. Thus, calibration of the entire fiducial volume with external sources is no longer feasible.
One solution is to directly mix a radioactive isotope into the liquid noble element. In liquid xenon, 83m Kr has been proposed [10, 11, 12] and used [13] to achieve a low-energy γ-line calibration throughout the detector. Tritiated methane has been used as a low-energy beta source [13] . While this source has the advantage that all decays are in the low-energy range interesting to a dark matter search, it suffers from the disadvantage that the activity does not decay by itself but must be extracted from the liquid target by a hot zirconium getter in a xenon recirculation loop [14] . This introduces an additional time constant that will get longer as the size of these detectors increases.
Here, we study a source containing 228 Th that emanates 220 Rn (T 1/2 = 56 seconds), which in turn can be mixed into the liquid target. The 220 Rn decay chain is versatile, producing α-, β -, and γ-radiation that makes this source interesting for a wide range of applications: The source is the ideal calibration source for intrinsic 222 Rn backgrounds that are notoriously difficult to control in low-background experiments. (2) High-energy alphas [15, 16] and 212 Bi/ 212 Po decays [17] can be used to accurately understand intrinsic backgrounds. The relatively short half-life of 216 Po (145 ms) allows for the measurement of currents or liquid flows within the bulk of the detector volume. Using position reconstruction algorithms that yield the positions of the decays of 220 Rn and 216 Po together with the time difference between these two decays, allows for a measurement of the drift velocity of polonium ions [16] . Thus, currents within the bulk of the detector can be mapped to identify possible dead regions that do not participate in the recirculation of the active volume through purification systems. Additionally, the high-energy α lines can be used to probe regions in a detector with poor light or charge collection efficiency. Further, the 208 Tl decay produces a 2.6 MeV γ-line, very close to the Q-value of 136 Xe double-beta decay. This line will be accompanied by the β energy and usually by simultaneous γ-lines (mostly 580 keV), which results in steps in the calibration spectrum (e.g. at ≈ 3.2 MeV) above the 136 Xe Q-value. Finally, β -decays of the chain that go to the ground state can be used to calibrate the low-energy response of dark matter detectors. While the high Q-value of the 212 Bi β -decay (2.2 MeV) and short life-time of the daughter 212 Po (300 ns) render that decay unsuitable for this purpose, the β -decay of 212 Pb (12.3% branching ratio to ground state, Q-value 560 keV) is very suitable for this task, as shown in 10 Figure 1 . A simulation of the β -spectrum of 212 Pb. The feature at 240 keV is due to decay modes with an associated γ that adds to the energy observed in the decay.
A major advantage of our source is that the time scale of the 220 Rn decay chain is dominated by the relatively short half-life of 212 Pb (T 1/2 = 10.66 hours). Thus, the introduced activity can completely decay away within a few days, making this source useful even for the largest anticipated liquid detectors [19, 20, 21] . As both 228 Th (T 1/2 = 1.9 years) and 224 Ra (T 1/2 = 3.6 days) have much longer half-lives, emanation of these isotopes from the source must be limited. Also, isotopic contaminations with 230 Th in the 228 Th source itself can lead to the emanation of 222 Rn (T 1/2 = 3.8 days) which has to be avoided.
Here, we use a variety of methods to derive limits on the release of long-lived isotopes, and demonstrate that these sources are suitable for the calibration of even next-generation lowbackground experiments. Open 220 Rn sources were produced by electroplating thorium nitrate, Th(NO 3 ) 4 , onto the center of a 30 mm diameter stainless steel disk in a bath of 1M nitric acid (HNO 3 ). A ring of width 2.5 mm around the edge of the disk was left for mounting purposes. The activity was 40 kBq as of March, 2015. Each source is held in a small stainless steel vessel to attach it to a noble gas recirculation system using 1/2" VCR piping, see figure 2 . Figure 2 . 228 Th is deposited onto a 30 mm stainless steel disc (left). It is held in a simple emanation vessel (right) for mounting on a noble gas system.
γ-Measurements of Filter Deposition
The source was tested for the release of 224 Ra and 228 Th using a standard procedure. Nitrogen was flushed through the source vessel for 96 hours. A filter of type ML050/0 was mounted inline 18 cm after the source, containing a filter paper on which any released radionuclides could be deposited.
This filter paper was then tested for γ-activity with a high-purity germanium detector. A first measurement was made immediately after exposure, and a second measurement a week later, see Table 1 . 224 Ra from the source to < 0.43 atoms/s and that of 228 Th to or < 22 atoms/s. Scaling these values for the activity of the source yields a stray emanation of < 0.66 atoms/min/kBq 224 Ra and < 34 atoms/min/kBq 228 Th. We choose these units (atoms/min/kBq) to account for the decay of the sources over the time the various measurements were made, and to allow comparisons between the sources.
The obvious limitation of this measurement is that there may have been radium or thorium released by the source but not caught by the filter, in which case the given limits must be scaled by the efficiency of the filter. Additionally, any thorium or radium plated out on the pipes connecting the source vessel and the filter would not show up in this measurement.
A similar but more sensitive experiment was performed by pumping nitrogen at 1 standard liter per minute (slpm) for 9 days in a closed loop through the 220 Rn source vessel. The source was followed by a MILLEX-FG 50 filter at a distance of 8 cm, containing a 0.2 µm PTFE filter membrane. The exposure time brought any released 224 Ra nearly into equilibrium on the filter and gave potential 228 Th more time to deposit itself. After exposure, the filter membrane was tested for γ-activity with high-purity germanium detectors [22, 23] . A spectrum of these measurements is shown in figure 3 . A simulation of the germanium crystal detector geometry performed in GEANT4 [24] indicated an efficiency of 6.5% at 240 keV. A week after exposure most of the 212 Pb has decayed and measurements become sensitive to 224 Ra. A measurement with a livetime of 208 hours yielded a 224 Ra activity of (1.0 ± 0.3) Bq on the filter at the end of exposure. A second measurement was done forty-two days after exposure, at which point the 224 Ra deposited on the filter should have decayed to 3 × 10 −4 of the initial population. Thus, any measured 224 Ra activity could be attributed to residual 228 Th. We calculate upper limits (90% CL) of 2.5 mBq for 228 Th and 2.4 mBq for 224 Ra on the filter. These activities convert to emanation rates of (1.9 ± 0.6) atoms/min/kBq 224 Ra and < 0.4 atoms/min/kBq 228 Th.
222 Rn Emanation Measurement
Potential traces of 226 Ra or 230 Th in the 220 Rn source would lead to a non-negligible emanation of the long-lived radon isotope 222 Rn, which must be avoided. We applied ultra-low background proportional counters as described in [25] to measure directly the 222 Rn emanation rate of the source. For this purpose the source was connected to a 1 liter stainless steel buffer volume, separated by a valve. The setup was evacuated and the valve was opened such that 220 Rn and 222 Rn from the source could emanate into the buffer volume. After some days the valve was closed and the buffer volume was separated from the source. When all 220 Rn had decayed, the 222 Rn was extracted from the buffer volume and filled to a proportional counter in which the alpha decays of 222 Rn and its daughters were counted.
We repeated the measurement three times with a small modification in the the third measurement: Instead of emanating into vacuum, we filled 1.5 bar of helium in the buffer volume to check whether there is a difference between radon emanation into gas and into vacuum. It turned out that this is not the case as all three measurements are in good agreement and compatible with zero. The combined result is a 222 Rn emanation rate from the 220 Rn source of < 55 µBq.
Si PIN Diode Measurements
A direct measurement of the 220 Rn source was performed with a custom-developed radon monitor. It consists of a 3-liter vacuum-tight stainless steel vessel containing a 2 cm square windowless Si PIN diode from Hamamatsu. A high voltage of 1.5 kV collects the charged ions resulting from the decays of 220 Rn onto the surface of the diode, where the 216 Po decay can be detected with an efficiency of about 35%. The radon detector was calibrated using a 226 Ra solution with a known activity of (25 ± 1) Bq by bubbling nitrogen through the solution, thus obtaining a known activity of 222 Rn.
The 220 Rn source was placed directly inside the radon monitor, which was filled with air, and 220 Rn was allowed to reach equilibrium. Assuming the same collection efficiency of 222 Rn and 220 Rn, an emanation of (1750 ± 50) Bq 220 Rn was determined. After 10 days, the 220 Rn source was removed from the radon monitor and the vessel evacuated, and all collected ions on the surface of the Si PIN diode were left to decay. Six days after the removal of the source, all 220 Rn activity would be due to emanated 224 Ra collected on the surface of the diode. The emanated 224 Ra activity was calculated to be (2.1 ± 0.7) Bq and the 228 Th activity as < 50 µBq at the point when the source was removed, which corresponds to a 224 Ra emanation rate of (3.9 ± 1.3) atoms/min/kBq and a 228 Th rate of < 0.008 atoms/min/kBq.
To further determine levels of emanation, the source was placed directly facing a Hamamatsu windowless Si PIN diode that acts as an alpha spectrometer [26] . The source and diode were placed in a small vessel separated by only 8 mm. The vessel was then evacuated, and the source was left for five days to deposit material onto the surface of the diode. The source was then removed and the atoms deposited onto the diode were left to decay under vacuum. Figure 4 shows the total activity in the diode above 1 MeV decaying away after the removal of the source. An exponential decay plus a constant baseline is fit to this data, yielding a decay constant in agreement with the accepted half-life of 224 Ra, and a residual background of (1128 ± 3) hr −1 . Extrapolating the curve backwards and scaling for the fraction of total activity that is 224 Ra, we can calculate the emanation rate of 224 Ra onto the surface of the diode to be (924.0 ± 0.3) s −1 . Two months after removing the source, the initial population of 224 Ra will have decayed away, so the background value inferred from the fit is due to a combination of intrinsic backgrounds (here, measured to be negligible) and released 228 Th. By measuring the activity in the relevant portion of the spectrum, we find a 228 Th activity of (0.097 ± 0.003) Bq, or (8.4 ± 0.3) × 10 6 atoms. Given the exposure time, this corresponds to a 228 Th emanation rate of (18.3 ± 0.6) s −1 onto the surface of the diode. Simulation with GEANT4 yields a geometric efficiency for deposition of 0.13, which allows us to scale the emanation rates of the source to (4.5 ± 0.2) atoms/s/kBq 228 Th and (282.1 ± 0.1) atoms/s/kBq 224 Ra.
γ-Spectroscopy of Pipe Contamination
A test of radium plate-out was performed by flushing argon from a high-pressure tank through a pressure regulator, the source vessel, and then a copper pipe of 6 mm diameter and 50 cm length. The argon flow averaged 6 slpm though with sizeable fluctuations. After 41 hours of flushing, the copper pipe was cold-welded shut at both ends to seal in any materials deposited on the inner surface, and swiftly transported for measurement using our low-background germanium counters. Several measurements were done over the course of about two months to determine the γ-activity of the copper pipe. The results of the measurements are given in Table 2 .
The interpretation of these data is done in a very similar way to that presented in the previous section. The first measurement started approximately 1 half-life of 212 Pb after exposure, so any Indeed trace amounts of 224 Ra appear to have come off the source in this experiment. While the overall activity is very small, it motivates the use of an additional filter just after the source vessel for the calibration of low background detectors.
Measurements of Filter Efficacy
In order to assess the performance of various filters in limiting the release of 224 Ra from the 220 Rn source, the source vessel was connected to a xenon gas system. Xenon gas was recirculated through various configurations involving the 220 Rn source vessel, filters, and a Si PIN diode as an α-spectrometer [26] . The source was exposed to the xenon gas stream for a few days, then bypassed, and the decaying activity monitored to measure any released radium. Two filter types were tested for their ability to remove radium from the gas stream. The first filter was a Swagelok F-series 0.5-micron sintered filter, the second was a Swagelok SCF-series ceramic filter.
The source vessel was connected directly to the sintered filter and then to the Si PIN diode with about 1 m of 1/4" stainless steel pipe. For the ceramic filter, the extra piping was reduced to 8 cm. Xenon gas at 1 barg was recirculated through the gas system at 5 slpm for the sintered filter and 10 slpm for the ceramic filter. After exposure with the sintered filter in line, the source and filter were bypassed and recirculation continued through the detector vessel for several weeks. After exposure with the ceramic filter, recirculation was stopped and the activity deposited in the detector vessel left to decay. Figure 5 shows the activity of coincident 212 Bi-212 Po (BiPo) activity in the Si PIN diode for the measurement of the ceramic filter from when the source was opened to three days after the source was closed, when the detector vessel was evacuated. The activity in the Si PIN diode was monitored as the released 212 Pb decayed to background levels. A summary of the results are given in Table 4 . About 14 half-lifes after closing the source the 212 Pb has almost completely decayed to background levels, at which point any measurement would be sensitive to the release of 224 Ra. The background rate of 212 BiPo events was found prior to these measurements to be (42 ± 7) µBq. Figure 6 shows the decay for the measurement of the sintered filter, along with a fitted exponential and constant. Both background values show some increase over the rate measured before this experiment, but in neither case is the increase statistically significant (1σ for the sintered filter, 0.43σ for the ceramic filter). However, we can still (conservatively) attribute these small increases to some released 224 Ra, in which case we can limit the release of 224 Ra to < 0.65 atoms/day/kBq for the sintered filter and < 0.21 atoms/day/kBq for the ceramic filter. Thus we see that both filters are highly effective at preventing the release of 224 Ra from the source.
A more direct measurement of filter efficiency was performed by placing two identical 90 micron sintered filters in series in the gas system immediately after the source vessel. After recirculating xenon gas at 6.5 slpm through the source and filters for 100 hours, the two filters were then placed on top of the Si PIN diode to measure any α-activity coming off of them that could be attributed to 224 Ra. A total of 4 days of data were taken. The spectra of the two filters is shown in Figure 7 . While the first filter showed an activity of (55.4 ± 2.1) mBq of 224 Ra, the second filter that was placed immediately downstream of the first only showed an activity of (1.63 ± 0.18) mBq of 224 Ra. Both numbers are corrected for the activity at the time of source closing. Hence, their ratio directly gives the filter efficiency. This value is independent of systematic uncertainties such as the collection efficiency of the Si PIN diode, geometrical effects, etc. We thus find these 90 micron sintered filters to retain (97.1 ± 0.3)% of 224 Ra flushing through them. . Energy spectrum taken with the Si PIN diode from two sintered filters that were placed in series directly after the source in a xenon gas recirculation system.
Mixing in a Liquid Xenon Detector
A liquid/gas xenon TPC was used to test the injection of 220 Rn into a liquid xenon detector. The detector was designed with a long drift length of 17 cm and a diameter of 80 mm. Each end of the drift chamber is monitored by 7 Hamamatsu R8720 photomultiplier tubes (PMTs). The walls of the TPC are constructed of a single cylinder of PTFE, for use as a UV light reflector, with field shaping electrodes embedded inside the PTFE walls. The drift and charge amplification fields are applied with transparent meshes at the ends of the TPC to allow for high optical collection. For the measurements presented here, only scintillation light was collected. However, this setup is sufficient to demonstrate that 220 Rn can be flushed into the detector before decaying so that the subsequent 212 Pb beta decays can be used as an internal calibrator. The detector was filled with about 3 kg of liquid xenon, which was continuously recirculated at 8.5 slpm through a hightemperature zirconium getter to remove electronegative impurities. The recirculation is done in the gas phase using 1/2" VCR piping with a heat exchanger in the xenon loop [28] , constituting a setup very similar to that of the XENON1T experiment [29] . The 220 Rn source vessel was connected to the gas recirculation system such that the gas could be flushed past the source or bypass it. Figure 8 shows a schematic of the detector, purification loop, and 220 Rn source. About 5 m of piping connected the 220 Rn source to the TPC. For comparison, in XENON1T there are about 20 m of piping connecting the source to the TPC, and recirculation is planned for 100 slpm. Taken together, a comparable injection of activity may be expected.
Getter Pump

TPC
Heat exchanger 220 Rn Source Figure 8 . Schematic of the recirculation loop for the liquid xenon detector measurement. The liquid is evaporated in the heat exchanger and is pumped through the purifier, where it can then be flushed past the 220 Rn source or injected directly back to the detector.
To prove that the 220 Rn could be mixed into the detector, the source was opened for 22.8 hours, injecting the doped gas. By monitoring the trigger rate of the detector, it was possible to observe the arrival of the dopants into the liquid xenon target. Data were acquired for 2.9 days surrounding this opening to determine the background before opening, and to monitor the decay of the injected 212 Pb after the source was closed. The resulting trigger rate evolution of high-energy α-decays is shown in Figure 9 . Events were selected by cutting at low energies and enforcing a coincidence requirement on the bottom PMTs. The background trigger rate of 1 Hz quickly rose to a 30 Hz after the source was opened, showing that the activity of the source was entering the liquid xenon target, followed by the growing in of 212 Pb and its daughters over the next 22 hours. After the source was closed, the trigger rate quickly dropped to 30 Hz, after which it decayed toward the background rate. Source opened Source closed Figure 9 . Trigger rate of high-energy events in the liquid xenon detector before, during, and after source exposure. After source opening, the 212 Pb activity grows in, clearly demonstrating the introduction of activity into the target volume. At source closing, the 220 Rn and 216 Po alpha activity quickly decays away, leading to a drop in rate. Aterwards, the activity decays more slowly. A fit of an exponential plus constant background onto the decaying edge yields half-life (11.18 ± 0.04) hr. This is close to the 212 Pb half-life, with the difference attributed to dead-time effects. Hence, this data demonstrates the presence of 212 Pb decays in the TPC.
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The data acquisition system was not optimized for measuring high rates in a two-phase operation, resulting in a large rate-dependent dead time. This impedes our determination of the actual activity in the target volume, as well as our ability to accurately measure the decay rate following the closing of the source. However, this measurement is clearly sufficient to demonstrate three major features of this source: first, 220 Rn emanates from the source and can be mixed into a liquid xenon detector. Second, a low activity source is capable of introducing enough activity to be measured even above a high background rate. Third, the decay after the source is closed demonstrates the presence of 212 Pb in the liquid target, a requirement to use this source for calibration of the low-energy region in a dark matter search. Table 5 summarizes the various measurements. The two γ measurements of filter deposition and the measurement of pipe contamination are methodologically very similar, yet the results are strikingly different. Additionally, the measurement using the Si PIN diode are orders of magnitude different. The apparent inconsistency between the γ measurements and pipe contamination can be attributed to deposition of 224 Ra in the 1/2" piping: in the first two measurements, 18 cm and 8 cm of piping were present respectively in between the source vessel and filter, while the copper pipe was less than 1 cm from the source (leaving just enough space to cold-weld the copper). In the second γ measurement, the flow through the source vessel and the filter was laminar, whereas the flow was turbulent for the pipe contamination measurement. Due to its extremely high reactivity, radium will bond readily to pipe walls. This is facilitated by turbulent flow, while in laminar flow, the slow process of radial diffusion will impede the plate-out of 224 Ra. As the second γ measurement and the pipe contamination measurement are consistent, we attribute the discrepancy of the first γ measurement to the different conditions of the gas flow.
Interpretation
For the measurements of filter efficiency, the limits presented for the ceramic and 0.5 micron sintered filters are very satisfactory, while in the two-filter measurement, the 90 micron sintered filters are only 97% efficient. However, at the time of this measurement, the source had an activity of around 60 kBq. Hence, the activity seen in the first filter (55.4 ± 2.1 mBq) shows a drastic reduction in the activity after only a few centimeters of piping. From this, we can conclude that even though the source gives off very large amounts of 224 Ra and 228 Th (as shown by the Si PIN diode measurement), only a vanishing percentage makes it out of the source vessel. With these sources being used in a fluid stream, one may thus expect the vast majority of 224 Ra and 228 Th to plate out in any connecting piping.
Conclusions
We have presented a versatile 220 Rn source for the internal calibration of low-background detectors and demonstrated its suitability. Stray emanation was found to be < 0.008 atoms/min/kBq for 228 Th and (1.53 ± 0.04) atoms/min/kBq for 224 Ra, which can be reduced to < 10 −3 atoms/min/kBq through the use of an additional filter. We have demonstrated that the 220 Rn activity can be mixed under realistic conditions in a liquid noble gas detector. The source provides the means by which to calibrate the electronic recoil band in liquid noble element dark matter detectors at low energies, characterize the important radon backgrounds, map fluid dynamics in the liquid target and calibrate those detectors at energies above the Q-value of the 136 Xe double-beta decay.
